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SUMMARY 

A r e c e n t   m o d i f i c a t i o n  of the   methodology of profile a n a l y s i s  allows t h e  
t e s t i n g  for diff 'erences  between two f u n c t i o n s  as a whole   wi th  a s i n g l e  t es t  
r a t h e r   t h a n   p o i n t  by p o i n t   w i t h   m u l t i p l e  tests. T h i s   m o d i f i e d   p r o f i l e   a n a l y -  
sis is a p p l i e d  to  the   examinat ion  of t h e   i s s u e  of motion/no-motion  condi t ions 
o n   a i r p l a n e   s i m u l a t o r s .   T h e  test  problem was s t u d i e d   u s i n g   t h e  l a t e r a l  devia-  
t i o n   c u r v e  as a f u n c t i o n  of engine-cut   speed  of  a piloted 737-100 s i m u l a t o r .  
The r e s u l t s  of t h i s   a p p l i c a t i o n  are p r e s e n t e d   a l o n g   w i t h   t h o s e   o f  more conven- 
t i o n a l  s t a t i s t i c a l  test  procedures   on   the  same s i m u l a t o r  data. The modi f ied  
p r o f i l e   a n a l y s i s   l e d   d i r e c t l y  t o  t h e   c o n c l u s i o n   t h a t   m o t i o n   a f f e c t s   s i g n i f i -  
c a n t l y   t h e   p e r f o r m a n c e   o f   t h e   l a t e r a l - c o n t r o l  t a s k :  t h e  more c o n v e n t i o n a l  
p r o c e d u r e s   a r r i v e d  a t  t h e  same c o n c l u s i o n .   W h i l e   t h e   a p p l i c a t i o n   o f   t h i s  new 
s t a t i s t i c a l  procedure  is a ma jo r   conce rn   o f   t he   sub jec t  report, the   mot ion/  
no-motion  f inding is i n  itself a n   i m p o r t a n t   r e s u l t .  The p i lo t s  s u b j e c t i v e l y  
a t t r i b u t e d  the  super ior   per formance   under   mot ion   condi t ions  t o  t h e  a b i l i t y  
to d e t e r m i n e   i m m e d i a t e l y   t h e   d i r e c t i o n  of t h e  yaw induced  by t h e  engine  c u t .  
Under f i x e d - b a s e   c o n d i t i o n s ,  a d e l a y  was incu r red   be tween   de t ec t ion  of t h e  
e n g i n e   c u t  (from t h e  e n g i n e   s o u n d   s i m u l a t i o n )   a n d   t h e   v i s u a l   d e t e c t i o n  of t h e  
ensuing  yaw. 

INTRODUCTION 

The expres s   pu rpose  of many f l i g h t - s i m u l a t i o n   e x p e r i m e n t s  is to  detect 
s t a t i s t i c a l l y   m e a s u r a b l e   d i f f e r e n c e s   i n   t h e   p e r f o r m a n c e   o f   t h e   m a n / v e h i c l e  
s y s t e m   u n d e r   i n v e s t i g a t i o n   a s   f a c t o r s   i n   t h e   e x p e r i m e n t  are  va r i ed .   Of t en  
the   per formance   index  of i n t e r e s t  may be e x p r e s s e d  as a funct ion.   Examples  
are voluminous,  such as RMS p a t h  errors as f u n c t i o n s  of range ( refs .  1 t o  3 ) ,  
t r a c k i n g  errors a s   f u n c t i o n s  of time d e l a y   ( r e f s .  4 to  6 )  , p i l o t   d e s c r i b i n g  
f u n c t i o n s   ( r e f s .  7 t o  9), and  touchdown  sink rates  as f u n c t i o n s   o f   t r i a l  number 
( i .e. ,  l e a r n i n g   c u r v e s ,   r e f s .  1 0  to 1 2 ) .  

Most i n s t a n c e s   o f  s t a t i s t i c a l  t r e a t m e n t  of such data are i n  terms of mul- 
t i p l e  tests a t  s u c c e e d i n g   v a l u e s   o f   t h e   i n d e p e n d e n t   v a r i a b l e s   ( r e f s .  1 to  1 2 ) .  
The methodology of p r o f i l e   a n a l y s i s   ( r e f .  13) was r e c e n t l y   m o d i f i e d  by  Myers 
( r e f .  1 4 )  and  has  accommodated t h e   t e s t i n g   o f   d i f f e r e n c e s   b e t w e e n   f u n c t i o n s  
as a whole  with a s i n g l e  test  r a t h e r   t h a n   p o i n t  by p o i n t   w i t h   m u l t i p l e  tests. 
T h i s  new procedure   p rovides  a s i g n i f i c a n t  tool t o  t h e   s i m u l a t i o n   r e s e a r c h e r .  
Bothersome  issues ,   such as how many p o i n t s   m u s t  be s i g n i f i c a n t l y   d i f f e r e n t  t o  
declare t h e   f u n c t i o n s   d i f f e r e n t ,  are e l i m i n a t e d .  

Myers d e v e l o p s   t h e  s ta t i s t ica l  p r o c e d u r e   i n  de ta i l  a n d   a d d r e s s e s   t h e  power 
of t h e  test and its i m p l i c a t i o n s   o n   e x p e r i m e n t a l   d e s i g n   i n   r e f e r e n c e  1 4 .  T h i s  
paper p r e s e n t s   t h e   r e s u l t s  of t h e   a p p l i c a t i o n  of t h i s  test procedure to an 
a c t u a l   f l i g h t - s i m u l a t i o n   e x p e r i m e n t .  
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The area of aircraft   directional  control on runways is potentially  large 
i n  terms of simulator usage (ref.  1 5 )  . A s  i n  any simulation  application, t h e  
trade-off between simulator  fidelity and complexity (cost)  has arisen,  partic- 
ularly i n  the  area of motion/no-motion requirements. I n  t h i s  vein, an exam- 
ination of the  effect of the  speed a t  which  an engine is c u t  on the  la teral  
deviation of a 737-1 00 simulator  during  take-off r o l l  (an a i rc raf t  ground 
cer t i f ica t ion   tes t   to  determine minimum control speed ground) under motion/no- 
motion conditions  provides a suitable  application  for  evaluating  the modified 
profile  analysis  techniques. 

Use  of trade names or  manufacturers i n  t h i s  report does not consti tute 
an o f f i c i a l  endorsement of such products  or  manufacturers,  either  expressed 
or  implied, by the  National  Aeronautics and Space Administration. 

SIMULATOR CHARACTERISTICS AND TEST CONDITIONS 

Aircraft Mathematical-Model Characteristics 

The mathematical model  of a Being 737-100 a i r c ra f t  included a nonlinear 
data package f o r   a l l  f l i g h t  regions; a nonlinear  engine model; and nonlinear 
models of servos,  actuators, and spoiler mixers. The simulation of the  basic 
airframe was well  validated  prior  to its use i n  numerous studies. 

For the  subject s tudy ,  the  simulated a i r c ra f t  was i n  the  take-off con- 
figuration w i t h  the  flight  characteristics  indicated i n  table I. Landing-gear 
dynamics included  drag and cornering  forces  for each main gear and the nose 
gear,  while  the  braking  force was a single  input  (nondifferential). Runway 
roughness as a function of speed was simulated,  although  other runway charac- 
ter is t ics   (e .g . ,  runway  crown,  runway joints,  surface  conditions, and weather) 
were not. Nose-wheel steering was disconnected and the  pilot  exercised  only 
rudder control. 

Computer Implementation 

The mathematical model  of the  aircraft  and the  simulation hardware drives 
were  implemented on the Langley real-time  simulation system. T h i s  system, con- 
s i s t i n g  of a Control Data CYBER 175 computer  and associated  interface equipment, 
solved  the programmed equations 32 times a second. The average  time  delay from 
input  to  output (1.5 times the sample period) was approximately 47 msec. 

Simulator  Cockpit 

The general-purpose  cockpit of the Langley visual motion simulator (VMS) 
was configured  as a transport  cockpit. The primary  instrumentation  consisted 
of an attitude  indicator ( i n c l u d i n g  active f l i g h t  director  bars and speed bug) ,  
vertical-sped  indicator,  a horizontal-situation  indicator,  altimeter,  airspeed 
indicators  (both  calibrated and true),  angles-of-attack and sideslip  meters, 
and a t u r n  and  bank indicator. A stereo sound system was used to  simulate 
engine  noise. 
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The cont ro l   forces   on   wheel ,   rudder   peda ls ,  and column are provided  by a 
hydraul ic   system  coupled  with  an  analog  computer .   The  system allows f o r   t h e  
usual v a r i a b l e   f e e l   c h a r a c t e r i s t i c s   o f   s t i f f n e s s ,   d a m p i n g ,   b a c k l a s h ,   c o u l a n b  
f r i c t i o n ,   b r e a k o u t   f o r c e s ,   d e t e n t s ,   a n d   i n e r t i a .   T h e   f o r c e   g r a d i e n t s   c a n  also 
be provided by t he   d ig i t a l   compute r   u sed  to  s o l v e   t h e   a i r c r a f t   m a t h e m a t i c a l  
model .   Se lec t ion   of  the parameters   o f   cont ro l   loading   sys tem was inc luded  i n  
t h e   e x t e n s i v e   v a l i d a t i o n   p r o c e s s   f o r   t h e  737-100 f l i g h t   s i m u l a t o r .  

V i s u a l  D i sp lay  

The Langley VMS is p rov ided   w i th  an "out-the-window"  virtual-image  system 
o f   t he   beam-sp l i t t e r ,   r e f l ec t ive -mi r ro r   t ype .   The   sys t em,   l oca t ed   nomina l ly  
1 . 2 7  m from  the p i lot ' s  eye ,   p re sen ted  a nominal 48O wid th  by 36O h e i g h t   f i e l d  
of  view  of a 525 TV l i n e  raster system and provided  a 46O by 26O i n s t a n t a n e o u s  
f i e l d   o f   v i e w .  The sys t em  supp l i e s  a color p i c t u r e   o f   u n i t y   m a g n i f i c a t i o n   w i t h  
a r e s o l u t i o n   o n   t h e   o r d e r  of 9 minutes  of arc. 

The s c e n e   d e p i c t e d   i n   t h e   v i r t u a l - i m a g e   s y s t e m  was obta ined   f rom a t e r r a i n  
model  board.  The TV-camera t r a n s p o r t   s y s t e m   u s e d   i n   c o n j u n c t i o n   w i t h  a t e r r a i n  
model  board is d e s c r i b e d   i n   r e f e r e n c e  1 6 .  The maximum in -p lane   speed   capab i l i -  
ties of t h e   s y s t e m  are 444 k n o t s ,   w i t h   v e r t i c a l   s p e e d   c a p a b i l i t i e s   o f  +152 m/sec 
(+30 000 f t /min )  . The t r a n s l a t i o n a l   l a g s  of the  system are 1 5  msec or less 
a n d   t h e   r o t a t i o n a l   l a g s  are 22 msec or less. The  average t o t a l  v i s u a l   d e l a y ,  
inc luding   computa t iona l   th roughput   de lay ,  w a s  t h u s  less than 70 msec. 

Motion  System 

The motion  performance limits of the   Langley   v i sua l   mot ion  simulator are 
shown i n   f i g u r e  1 .  These limits are f o r   s i n g l e - d e g r e e - o f - f r e e d a n   o p e r a t i o n .  
Conservat ism mus t  be e x e r c i s e d   i n   t h e  u s e  o f   t h e   p o s i t i o n  limits s i n c e   t h e y  
change as t h e   o r i e n t a t i o n  of t h e  s y n e r g i s t i c   b a s e   v a r i e s .   R e f e r e n c e s  1 7  to 1 9  
d o c u m e n t   t h e   c h a r a c t e r i s t i c s  of t h e  system  which possesses time l a g s   o f  less 
t han  50 msec. Thus ,   t he   ave rage  to ta l  mot ion   de lay ,   inc luding   computa t ion  
throughput ,  is less than  100 msec ( i g n o r i n g   t h e   l e a d   i n t r o d u c e d  by washout) 
and is q u i t e  compat ib le   wi th   the   v i sua l   de lays .   The   washout   sys tem  used  to 
present   the  motion-cue commands to the   mot ion  base is nonstandard.  I t  was con- 
ceived  and  developed a t  Langley  Research  Center   and it is documented i n   r e f e r -  
ences  20 to  22. A b r i e f   d e s c r i p t i o n   a n d   t h e   s p e c i f i c  parameters of   the non- 
l i n e a r   c o o r d i n a t e d   a d a p t i v e   w a s h o u t   u s e d   i n   t h i s   s t u d y  are p r e s e n t e d   i n   t h e  
appendix.  

Test C o n d i t i o n s  

A s imula t ion   o f  a g r o u n d   c e r t i f i c a t i o n  test f o r  transport a i r c r a f t  w a s  
s e l e c t e d   f o r   t h e   a p p l i c a t i o n   o f   t h e  new s ta t i s t ica l  procedure .  The c e r t i f i c a -  
t i o n  test d e t e r m i n e s   t h e   e f f e c t   o f   t h e   s p e e d  a t  which  an  engine is c u t   o n   t h e  
la teral  r u n w a y   d e v i a t i o n   o f   a n   a i r c r a f t   d u r i n g   t a k e o f f  rol l .  The   nosewhee l  
s t e e r i n g  was d i s c o n n e c t e d   f o r   t h i s  maneuver  and  the test  runs  were i n i t i a t e d  
w i t h   t h e   s i m u l a t e d   a i r c r a f t   a c c e l e r a t i n g   s l o w l y  down t h e  runway  from a trimmed 
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airspeed of 60 knots.  Flaps were se t   a t  15O and spoilers were stowed. The 
thro t t les  were se t   t o  give 25  350 N from each engine. As the  simulated  air- 
craft  accelerated through the  target  airspeed, one th ro t t l e  was instantaneously 
closed  to  idle through computer progray control. As soon as  the  pilot perceived 
the  resulting  lateral  acceleration and/or yaw of h i s  a i r c ra f t ,  he arrested  the 
lateral  deviation wi th  an appropriate rudder input. The  maximum la t e ra l  devia- 
tion measured from the ini t ia l   deviat ion  a t   throt t le   c losure  (deviat ion  f rm 
the  center  line) was then  recorded  along w i t h  the  target  airspeed  for a  range 
of target  airspeeds under both fixed- and motion-base conditions. Since  rudder 
effectiveness  decreases  as  airspeed  decreases,  the  task  difficulty,  as measured 
by the lateral  deviation,  increases  at lower speeds. The velocity  at which a 
specified  lateral  deviation  (e.g., 7.62 m )  is exceeded is the minimum control 
speed ground  which is used as an a i rc raf t  ground cer t i f icat ion parameter. 

MODIFIED PROFILE ANALYSIS 

The methodology developed i n  reference 1 4  was used to   t e s t   fo r   s t a t i s t i -  
cal  differences between the two lateral  deviation  functions of airspeed  for 
motion/no-motion conditions. The methodology is  described  here  as  applicable 
to only two functions, although  reference 1 4  treats  the  general  case  as  well. 

Methodology 

The concept of a multivariate  test  for  function  differences  arose from 
contemplation of the meaning  of the  motion-airspeed interaction term i n  a uni- 
variate  analysis of variance. I f  both the motion main effect  and the motion- 
airspeed  interaction term  were significant,  it would imply that  the  effect of 
motion on the  lateral  deviation was different  at   different  airspeeds.  Thus,  
the two functions would be different.  Extension of t h i s  concept to  a single 
tes t   led  to  developnent of modified profile  analysis. 

Let 

(. = {' motion ) 
2 fixed base 

( j  = 1 ,  2, . . ., S) 

where s is the number  of airspeeds and y is the lateral  deviation. Thus,  

y1 is a vector  consisting of the  function  values  (lateral  deviation)  at each 

airspeed, €or the motion condition. I t  is assumed that  t h i s  vector, and y 

-b 

+ 
2 
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as well, f o l l a w s  a m u l t i v a r i a t e   n o r m a l   d i s t r i b u t i o n   w i t h  common va r i ance -  
c o v a r i a n c e   m a t r i x  E ,  which is an s x s matrix. The practical  i m p l i c a t i o n  
h e r e  is t h a t   w i t h i n   e a c h   f u n c t i o n   t h e   o b s e r v a t i o n s  are c o r r e l a t e d   a n d   t h e  
c o r r e l a t i o n   s t r u c t u r e  is t h e  same f o r   e a c h   o f   t h e  t w o  f u n c t i o n s .  

Replicate e a c h   f u n c t i o n  (or v e c t o r )  r times i n   o r d e r  to  test  t h e   n u l l  
h y p o t h e s i s  

where p i  is t h e   v e c t o r   o f   t r u e   m e a n s   f o r   t h e   i t h   f u n c t i o n .  
+ 

A 

L e t  C be t h e  estimate o f   t he   va r i ance -cova r i ance   ma t r ix  .Z o b t a i n e d  by 
poo l ing   t he   s ample   va r i ances  and c o v a r i a n c e s   f o r  each func t ion   ove r   bo th   func -  

t i ons ,   and  l e t  Fl be t h e   v e c t o r  of means. 
+ 

Then 

2 ^  
where S = - 1, f o l l w s   H o t e l l i n g ' s   T 2 - d i s t r i b u t i o n  (see ref .  13 )   w i th  (2r - 2) ... L (2r - s - 1 )  

(2r  - 2 ) s  
deg rees  of freedom. The s t a t i s t i c  T2 f o l l a w s   a n   F - d i s t r i b u t i o n  

wi th  s and (2r - s - 1 )  deg rees  of  freedom.  This fact  allows t e s t i n g   o f  
t h e   h y p o t h e s i s   o f   e q u a l i t y  of mean v e c t o r s   u s i n g   t h e  upper t a i l  of t h e  

F - d i s t r i b u t i o n .  I f  p1 # p 2 ,   t h e  test  s t a t i s t i c   f o l l a w s   t h e   n o n c e n t r a l  
F - d i s t r i b u t i o n   ( r e f .   1 3 )   w i t h   d e g r e e s   o f   f r e e d o m  (s, 2r - s - 1)   and   wi th  non- 

c e n t r a l i t y  parameter cS2 = -(p1 - c2) 'C-1G1  - G2). Thus ,   t he   e s t ima ted  power 

o f   t h e  t e s t  may be c a l c u l a t e d   f o r  a s p e c i f i c   d i f f e r e n c e  (;I - ;2) and   for   an  
estimate of C .  

-+ + 

r +  
2 

Exper imenta l   Des ign  

T h r e e   e x p e r i e n c e d   s u b j e c t s  ( t w o  pilots and   one   s imula t ion   eng inee r )  made 
seven   r epe t i t i ons   o f   each   mo t ion   cond i t ion  a t  each  of seven   a i r speeds .   The  
mot ion   cond i t ions  were a s s i g n e d   i n   a l t e r n a t i n g  pairs (i.e., runs  1 and 2 were 
f i x e d   b a s e ,   r u n s  3 and 4 were motion,  etc.) , w h i l e   t h e   a i r s p e e d   a n d   l e f t '  or 
r igh t   eng ine -cu t   a s s ignmen t s  were randomized.   Left  or r igh t   a s s ignmen t   o f  
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engine c u t  only  provided a de tec t ion  task to t h e  pilot,  as the  engine and 
rudder-power effects were symmetric. 

OBJECTIVE RESULTS 

Three types of analysis procedures were  used  on t h e  collected  data. 
Results  fran  standard t-tests for mean differences between fixed- and  motion- 
base performance (lateral  deviations)  at each airspeed and  a detailed  univari- 
ate  analysis of variance ( w i t h  related  testing) provide an interesting compar- 
ison of the  results  obtained from the  multivariate modified profile  analysis. 

Results of t-Tes ts 

Table I1 presents t h e  results of t - tes t s   a t  each airspeed  for  differences 
i n  fixed- and motion-base means (averaged over pi lots  and repl icates) .  The 
claim that  motion affects  pilot/simulator performance for  the minimum-control- 
speed-ground task is  clearly supported by t h i s  analysis. The  means  and stan- 
dard deviations f ran table  I1 are  plotted i n  figure 2. 

Analysis of Variance Results 

A univariate  analysis of variance was carried  out on the  data,  using a 
2 X 3 X 7 f u l l  factor ia l  design w i t h  seven replicates (motion condition,  pilots, 
and airspeeds  are  treated  as  factors).  Table I11 presents  the  results of t h i s  
analysis of variance. The analysis  reveals  that motion is indeed a significant 
factor,  as is airspeed. The motion-pilot and motion-airspeed interactions  are 
also  significant,  and so is the  third-order  interaction.  Therefore,  the motion 
effect  is different from pi lot   to   pi lot  ( A B )  and at  different  airspeeds (AC) . 
Also, the motion effect  on pilots  varies w i t h  airspeed (ABC). Because  of t h i s  
implied pi lot  dependence (even though the  pilot   factor is not significant) ,   fur-  
ther  analysis was carried  out. 

Table I V  presents  the  results of t- test  comparisons of motion-  and fixed- 
base performance between the means  of each pilot   for each airspeed. These com- 
parisons use the  standard  error of a difference Sd between treatment means, 

2 x ( 2 . 2 2 ) 2  
= 1.1  9 m ( 2 4 6  degrees of freedom) 

based on a mean square  error of 2.22 m fran  the  analysis of variance,  instead 
of the  standard  error of t h e  previous t - tes t  procedures (which would require 
a pooled standard  deviation  for each p i lo t   a t  each airspeed, w i t h  1 2  degrees 
of freedom). These t - tes t  comparisons are  equivalent  to  the more conventional 
contrast   tests using  F-values, but they have the advantage ( i n  terms of clar- 
i t y )  of using means rather than sums of squares. A s  may be seen from the  table, 
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pilots 1 and 3 ( t h e   s i m u l a t i o n   e n g i n e e r )   y i e l d  some s ign i f i can t   mo t ion -dependen t  
r e s u l t s ,   e s p e c i a l l y  a t  lower airspeeds. T h e   r e s u l t s   f o r  p i lo t  2 are g e n e r a l l y  
n o t   s i g n i f i c a n t .  

F u r t h e r   a n a l y s i s  of t h e   d a t a   r e v e a l s  a s i g n i f i c a n t   l e a r n i n g   c u r v e  for t h e  
motion-base performance of p i lo t  2. T a b l e  V compares the   f ixed-   and   mot ion-base  
performance,   averaged  over   a i rspeed,   of  p i lo t  2 as a f u n c t i o n   o f  replicate num- 
ber. The l e a r n i n g   c u r v e  for t h e   m o t i o n   c o n d i t i o n  is q u i t e   e v i d e n t .   T a b l e  V 
also p r e s e n t s   t h e  t-test r e s u l t s ,   u t i l i z i n g   t h e   s t a n d a r d  error of a d i f f e r e n c e  
between t r e a t m e n t  means (sa = 1 . 1 9  m, 246 d e g r e e s  of freedom) , f o r   t h e  mmpari- 
s o n s  of t h e s e   m e a n s .   O n c e   t h e   l e a r n i n g   c u r v e  "asymptotes," t h e   e f f e c t  of motion 
on pi lot  2 is s i g n i f i c a n t .  

Modi f ied-Prof   i l e -Analys is   Resul t s  

The p i lo t  f a c t o r  was i n c o r p o r a t e d   i n t o   t h e  replicates f o r   t h e   p u r p o s e s  of 
t h i s   a n a l y s i s ,  as was t h e  case w i t h   t h e   i n i t i a l  t-test d a t a   o f   f i g u r e  2 and 
t a b l e  11. T h i s   p r o c e d u r e   t h u s   p r o v i d e d   t h e  parameters s = 7 ( a i r s p e e d s )   a n d  
r = 21 (replicates) f o r   e a c h   f u n c t i o n  ( l a t e ra l  d e v i a t i o n  as a f u n c t i o n  of a i r -  
speed   fo r   each   mo t ion   cond i t ion ) .  The H o t e l l i n g ' s   F - t e s t   s t a t i s t i c ,   f o r  7 and 
34 degrees  of  freedom, was c a l c u l a t e d  to be 13.303.  T h i s  is found to be   h igh ly  
s i g n i f i c a n t ,   s i n c e   t h e   1 - p e r c e n t   s i g n i f i c a n c e   l e v e l   F - v a l u e  is 3.218.   Thus,   the  
n u l l   h y p o t h e s i s   t h a t   t h e  t w o  f u n c t i o n s   a r e  t h e  same ( i . e . ,  mot ion   has   no   e f f ec t )  
is r e j e c t e d   w i t h o u t   f u r t h e r   a n a l y s i s   r e q u i r e m e n t s .  

SUBJECTIVE  RESULTS 

The p i lo t s  s u b j e c t i v e l y   a t t r i b u t e d   t h e   s u p e r i o r   p e r f o r m a n c e   w i t h   m o t i o n  t o  
t h e   a b i l i t y  to determine  immediately  which  rudder was r equ i r ed .   Under   f i xed -  
b a s e   c o n d i t i o n s ,   t h e   e n g i n e   s o u n d   a l e r t e d   t h e   p i l o t s  to the   eng ine   cu t ,   and  a 
d e l a y  was incu r red   f rom t h i s  p o i n t   u n t i l   v i s u a l   d e t e c t i o n   o f   t h e   d i r e c t i o n   o f  
t he   ensu ing  yaw was p o s s i b l e .  

CONCLUDING REMARKS 

The m o d i f i c a t i o n   o f   t h e   m e t h o d o l o g y   o f   p r o f i l e   a n a l y s i s  to  accommodate 
t h e   t e s t i n g   o f   d i f f e r e n c e s   b e t w e e n  t w o  f u n c t i o n s   w i t h  a s i n g l e  test, r a t h e r  
t h a n   m u l t i p l e  tests a t  succeed ing   va lues   o f  t h e  independen t   va r i ab le ,   has  
been   descr ibed   and   demonst ra ted .   Other   ana lyses   o f   the   s imula tor   exper imen-  
t a l  da ta   (an   examinat ion  of the   e f f ec t   o f   mo t ion /no-mot ion   cond i t ions   on   t he  
l a t e r a l - d e v i a t i o n   c u r v e  as a f u n c t i o n  of engine-cut  speed of a 737-1 00 sim- 
ulator) i n c l u d e d   t h e  simple t-test procedure   and   the  more s o p h i s t i c a t e d ,  
d e t a i l e d   u n i v a r i a t e   a n a l y s i s  of v a r i a n c e .  

The t-test p r o c e d u r e   y i e l d e d   s o l i d   e v i d e n c e  a t  each   a i r speed   of   mot ion  
e f f e c t s .  The ana lys i s   o f   va r i ance   p rocedure  also l e d  to  t h e   c o n c l u s i o n   t h a t  
mo t ion   a f f ec t s   s imu la to r   pe r fo rmance  af ter  a d e t a i l e d   a n a l y s i s  of pilot- 
dependent results. The  modif ied prof i le  a n a l y s i s   l e d   d i r e c t l y  t o  t h e  con- 
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c l u s i o n   t h a t   m o t i o n  affects s i g n i f i c a n t l y   t h e  effect o f   t he   speed  a t  which  an 
e n g i n e  is c u t   o n   t h e  l a t e ra l  d e v i a t i o n  of a piloted f l i g h t   s i m u l a t o r .  

While a l l  t h r e e   p r o c e d u r e s  led to  t h e  same c o n c l u s i o n  (a g r a t i f y i n g  
r e s u l t ) ,   p o t e n t i a l   a p p l i c a t i o n s   i n   w h i c h   m o d i f i e d   p r o f i l e   a n a l y s i s  may be used 
t o  solve c o n f l i c t i n g   m u l t i p l e  tests ( s i g n i f i c a n t   a n d   n o n s i g n i f i c a n t  t-tests a t  
d i f f e r e n t   a i r s p e e d s ,   f o r   e x a m p l e )  are l i k e l y   i n   e x a m i n a t i o n s  of e f f e c t s   t h a t  
are n o t  as clearly s e p a r a t e d  as the   mot ion/no-mot ion   condi t ions   o f   th i s   g round-  
handl ing  task. 

The p i lo t s  s u b j e c t i v e l y   a t t r i b u t e d   t h e   s u p e r i o r   p e r f o r m a n c e   w i t h   m o t i o n  t o  
t h e   a b i l i t y  to determine  immediately  which  rudder  was r equ i r ed .   Under   f i xed -  
base c o n d i t i o n s ,   t h e   e n g i n e   s o u n d   a l e r t e d   t h e  p i lo t s  t o  t h e   e n g i n e  c u t ,  and a 
d e l a y  was i n c u r r e d   f r o m   t h i s   p o i n t   u n t i l   v i s u a l   d e t e c t i o n   o f   t h e   d i r e c t i o n   o f  
t h e   e n s u i n g  yaw was p o s s i b l e .  

Langley  Research  Center  
Nat iona l   Aeronaut ics   and   Space   Adminis t ra t ion  
Hampton, VA 23665 
October 1 6 ,  1977 
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APPENDIX 

DESCRIPTION OF WASHOUT  SYSTEM AND PARAMETERS 

The washout system  used to present   the   mot ion-cue  commands to  t h e   m o t i o n  
base is nonstandard.  I t  was conceived  and  developed a t  Langley  Research  Center  
and it is documented i n   r e f e r e n c e s  20 t o  22.  The basis of  the  washout is t h e  
cont inuous   adapt ive   change   of  parameters to  (1 ) minimize a cost f u n c t i o n a l  
th rough  cont inuous  steepest descent   methods   and   (2)   p roduce   the  motion c u e s   i n  
t r a n s l a t i o n a l   a c c e l e r a t i o n s   a n d   r o t a t i o n a l  rates w i t h i n   t h e  motion envelope  of 
t h e   s y n e r g i s t i c  base. The s p e c i f i c  parameters of t h e   n o n l i n e a r   c o o r d i n a t e d  
adap t ive   washou t   u sed   i n   t h i s   g round-hand l ing   s tudy  are p r e s e n t e d   i n   t h e   f o l -  
l owing   t ab le :  

Sr ,o 

WX 

bX 

. .. . 

Parameter 

Components of vec tor   f rom 
a i r c r a f t   c e n t e r   o f   g r a v i t y  
to  mot ion -base   cen t ro id  

L o n g i t u d i n a l   b r e a k p o i n t  

L o n g i t u d i n a l  scale factor 

L a t e r a l   b r e a k p o i n t  

Lateral scale factor 

V e r t i c a l   b r   e a   k p o i   n t  

Vertical scale f a c t o r  

R o l l  b r e a k p o i n t  

R o l l  s c a l e  factor 

P i t c h   b r e a k p o i n t  

P i t c h  scale f a c t o r  

Yaw b r e a k p o i n t  

Yaw scale f a c t o r  

P i t c h  ra te  weight  

L o n g i t u d i n a l   p o s i t i o n  
p e n a l t y  

Value 

12.192 

0.2286 

1.7399 

2.4284 

0.5 

1.21  92 

0.5 

4.5720 

0.5 

0.25 

0.7 

0.5 

1 .o 

0.15 

1 .o 

0.00929 

0.01 

U n i t s  

m 

m 

m 

m/sec2 

m/sec2 

m/sec2 

rad /sec  

rad /sec  

rad/sec 

m2/rad2-sec2 

sec-4 
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APPEND1 X 

Parameter 

L o n g i t u d i n a l   v e l o c i t y  
p e n a l t y  

Longi tudinal   damping 

Long i tud ina l   f r equency  

Long i tud ina l   coo rd ina -  
t i o n   g a i n  

L o n g i t u d i n a l   g a i n s  

Long i tud ina l   ga ins   on  
i n i t i a l  parameters 

L i m i t s  o n   l o n g i t u d i n a l  
var  i a b l e s  

I n i t i a l   c o n d i t i o n s  

R o l l  r a t e   w e i g h t  

Lateral 

L a t e r a l  

Later a1 

L a t e r a l  

Lateral  

Later a1 

p o s i t i o n   p e n a l t y  

v e l o c i t y   p e n a l t y  

damping 

f requency  

c o o r d i n a t i o n   g a i n  

g a i n s  

V a l u e  

0.2 

1.2727 

0.81 

0.082 

3.22917 

0.01  0764 

0.1 

0 .5  

-0.1 

1 .o 

0 . 0  

1 .o 

-0.1 

-1 000. 

1 .o 

0 .5  

0.00929 

0.01 

0.2 

0.707 

0.25 

0.0656 

3.2292 

0.269098 

U n i t s  

5 ec-2 

rad /sec  

rad /sec2  

rad-sec/m 

m2/rad2-sec2 

5 ec-4 

5 ec -2 

rad /sec  

rad /sec2  

rad-sec/m 

sec3/m2 

sec3/m2 

.... .. 



APPEND1 X 

Parameter Value U n i t s  

s ec-1 0.1 

1.5 

-0.1 

0.4 

0.0 

0.3 

-0.1 

-0.04 

0.4 

0.3 

0.1 

0.1 

1.2727 

0.81 

0.51 6668 

0.05 

0.0 

0.5 

-0.06 

0.5 

1 .o 

0.3 

100. 

0.1 

Lateral g a i n s   o n   i n i t i a l  
parameter s sec-1 

L i m i t s  o n   l a t e r a l   v a r i a b l e s  

I n i t i a l   c o n d i t i o n s  

sec-4 

sec-2 

r a d / s e c  

rad /sec2  

sec3/m2 

s ec-1 

bZ Vertical p o s i t i o n   p e n a l t y  

C Z  Vertical v e l o c i t y   p e n a l t y  

Vertical  damping 

Vertical f requency  

K V ,  Z Vertical  g a i n  

Vertical  g a i n   o n   i n i t i a l  
parameter 

L i m i t s  o n   v e r t i c a l   v a r i a b l e s  

I n i t i a l   c o n d i t i o n  

sec-4 

rad /sec2  

sec / rad2  

sec-1 

b9 Yaw p o s i t i o n   p e n a l t y  

Yaw time c o n s t a n t  

Yaw g a i n  

Yaw g a i n   o n   i n i t i a l  
parameter 

31 
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Par meter  

L i m i t s  on  yaw variables 

I n i t i a l  condition 

Lead compensation 
parameters 

9 Gravitational  constant 

h Program step  size 

Value 

0.0 

1 .o 

-0 .4  

1 .o 

0.0069 

0.0069 

0.0069 

0.1 5 

0.1 5 

0 .133 

0.1 2 

0 . 1 2  

0.1 2 

9.8061 78 

0.031  25 

U n i t s  

sec 2 

sec 2 

sec2 

s ec 

sec 

s ec 

sec 

s ec 

sec 

m/sec2 

sec 
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TABLE I.- CHARACTERIZATION OF THE 737-1 00 TAKE-FF CONFIGURATION 

[Linear ized  about  100 knots] 

Weight. N . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  400 341 

C e n t e r   o f   g r a v i t y .   p e r c e n t  M.A.C. . . . . . . . . . . . . . . . . . . .  0.31 

F l a p   d e f l e c t i o n .   d e g  . . . . . . . . . . . . . . . . . . . . . . . . . .  15 

Landing  gear  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Down 

Damping r a t io  f o r  . 
S h o r t   p e r i o d  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.562 
Long period . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.089 
Dutch r o l l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.039 

Per iod .  sec. for . 
S h o r t p e r i o d  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.30 
Long p e r i o d  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  44.3 
Dutch r o l l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.12 

S i n g l e   e n g i n e   t h r u s t .  N . . . . . . . . . . . . . . . . . . . . . . . .  25 350 

S p o i l e r s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Stowed 
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TABLE 11.- t-TEST RESULTS  AT EACH AIRSPEED 

Air speed, 
knots 

70 

75 

80 

88 

96 

1 04 

116 
____I_ 

~~~ 

Lateral  deviation 
"_ 

Fixed base 

Mean, 
m 

26.30 

8.67 

6.67 

4.23 

3.20 

3.29 

2.59 

Standard 
deviation, 

m 

5.19 

3.29 

1.86 

1.58 

1  .24 

1.28 

1  .06 

T Mot ion  base 

Mean, 
m 

16.18 

6.64 

3.90 

2.87 

2.27 

2.1 2 

1  .81 

" 

Standard 
deviation, 

m 

4.39 

2.00 

1.76 

1.14 

.90 

.86 

.87 
"- 

Tabulated t-values 
one- ta i led 
(40 degrees 
of  f r eedoml t 0.05  0.01 

1.68  2.42 

t-value 

i " .-  .- 
**6.82 

**2.42 

**4.96 

**3.20 

**2.78 

**3.48 

**2.61 
- ". " 

*Indicates 5-percent significance level. 
**Indicates 1-percent significance level. 
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TABLE 111.- COMPUTED F-VALUES FDR THE ANALYSIS OF VARIANCE 

Factors 

- 
Motion, A 

Pilots ,  B 

Airspeed, C 

Replicates 

AB 

AC 

BC 

ABC 

Error 

Total , 

Degrees of 
freedom 

1 

2 

6 

6 

2 

6 

12 

12 

246 

29 3 
1 

Sum of 
squares, 

m2 

531  .25 

16.98 

1 1  190.48 

23.76 

85.98 

673.86 

77.88 

127.67 

1 173.66 

13  901.53 

Mean 
square, 
m* 

531  .25 

8.49 

1865.08 

3.96 

42.99 

1 1  2.31 

6.49 

10.64 

4.77 

Computed 
F-value 

~ 

**111  .35 

1.78 

**390.92 

.83 

**9.01 

**23.54 

1 .36 

**2.23 

Tabulated F-value for a 
significance  level of - 

0.05 0.01 

3.84 

4.61  3.00 

6.63 

2.18 1.75 

2.80 2.1 0 

4.61 3.00 

2.80 2.10 

2.80 2.10 

*Indicates  5-percent  significance  level. 
**Indicates  1-percent  significance  level. 
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TABLE 1V.- MOTION-PILOT-AIRSPEED COMPARISONS 

i Mean , 

70 1 27.94 
2 25.02 
3 25.94 

75 1 7.80 
2 7.92 
3 10.30 

80 1 6.05 
2 6.16 
3 7.79 

88 1 3.90 
2 3.60 
3 5.05 

96 1 2.54 
2 3 -92  
3 3.13 

1 04 1 3.85 
2 2.97 
3 3.06 

116 1 2.94 
2 2.32 
3 2.52 

_. 

*Ind ica t e s   5 -pe rcen t  
**Indica tes   1 -percent  

S tandard  

m 
Mean, d e v i a t i o n ,   d e v i a t i o n ,  m 

S tandard  

m 

5.36 13.94 2.10 
5.50 20.42 4.74 
5.06 14.19 2.42 

1 .84 5.77 1.90 
2.40 7.70 2.1 9 
4.72 6.46 1 .63 

1 .88 3.24 0.95 
1.23 5.01 1.91 
2.07 3.44 1 .90  

1 .16 2.64 1.34 
1.21 3.17 .79 
1.69 2.80 1.34 

1 .05 

1 .52 2.54 0.82 
.68 2.46 .85 

1.47 1.37 .26 

1.02 2.02 1.10 
.68 2.03 .85 

1.42 1 .38  .51 
. ~ 

s i g n i f i c a n c e   l e v e l .  
s i g n i f i c a n c e   l e v e l .  

t - test ,  
o n e - t a i l e d  

___- 
**11 .78 

**3.88 
**9.89 

*l .71 
.19 

**3.23 - 
**2.37 

-96 
**3.66 

1 .06 
.36 

*1 .89 
- 

0.42 
1 .04 

.88 

.96 
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TABLE V.- MOTION-REPLICATE  COMPARISONS FOR PILOT 2 

R e p l i c a t e  

1 

2 

3 

4 

5 

6 

7 

4verage  over 
r e p l i c a t e s  
" 

L" "" 

Lateral  d e v i a t i o n  

Fixed  base 

Mean , 
m 

7.91 

6.25 

6.63 

8.80 

7.56 

7.49 

7.26 

7.42 

Standard  
d e v i a t i o n ,  

m 

7.52 

5.96 

7.03 

12.41 

7.80 

7  -78 

8.30 

7.83 

Motion base 

Mean , 
m 

~ 

7.93 

6  -84 

5.98 

6.41 

5.60 

5.34 

5.30 

6.20 

Standard  
d e v i a t i o n ,  

m 

10.03 

7.36 

6.54 

6.22 

6.27 

4.76 

5.58 

6.48 

i t- tes t , 
one- t a i l ed  

-0.017 

-. 50 

.55 

*2.01 

*1  .65 

*1 .81 

*1  .65 

1.03 

* I n d i c a t e s   5 - p e r c e n t   s i g n i f i c a n c e   l e v e l .  
* * I n d i c a t e s   1 - p e r c e n t   s i g n i f i c a n c e   l e v e l .  
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I 

P o s i t i o n   V e l o c i t y   A c c e l e r a t i o n  

P i t c h  +30, -2OO +15  deg/sec +50  deg/sec2 
R o l l  +220 +1 5 deg/sec  +50 deg/sec2  
Yaw + 32O +1 5 deg/sec +50 deg/sec2 
V e r t i c a l  +0.762, -0.991 m k0.61 0 m/sec +O. 6g 
L a t e r a l  k1.219 m + 0.61 0 m/sec +0.6g 
L o n g i t u d i n a l  +1 .245, -1.21 9 m k0.61 0 m/sec +0.6g 

L-79-31 2 
F igure  1 .- Motion  performance limits of t h e   v i s u a l   m o t i o n   s i m u l a t o r .  
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35 

30 

25 

20 

15 

10  

5 

0 
60 

0 - - - - Fixed base 

0 Motion base 

70 80 90  100 110 120 

Airspeed, knots 

F i g u r e  2.- E f f e c t  of engine-cut  speed o n   t h e  l a t e r a l  d e v i a t i o n   o n   t h e  
runway of a 737-100 simulator. 
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